1. Introduction {#sec1-nanomaterials-10-01111}
===============

Semiconductor nanowires (NWs) have shown great potential in low-cost high-performance solar cells \[[@B1-nanomaterials-10-01111],[@B2-nanomaterials-10-01111],[@B3-nanomaterials-10-01111],[@B4-nanomaterials-10-01111]\]. The unique quasi-one-dimensional NW enables the realization of solar cells with different structures, including axial, radial, or hybrid p--i--n or Schottky junctions aligned vertically or horizontally \[[@B5-nanomaterials-10-01111],[@B6-nanomaterials-10-01111],[@B7-nanomaterials-10-01111],[@B8-nanomaterials-10-01111]\]. The vertically aligned NW solar cell has been widely reported and a remarkable efficiency of 15.3% has been obtained in an axial p--i--n GaAs NW array solar cell \[[@B5-nanomaterials-10-01111]\]. The horizontal NW solar cell is achieved by transferring the NWs from the substrate onto another rigid or flexible supporter, in which the long axis of the NW is parallel with the supporter, and the incident light enters the NW through the side surface. Although the light-concentrating properties of the horizontal NW are weaker than those of the vertically aligned one, the horizontal NW still possesses substantial advantages over the thin-film counterpart \[[@B9-nanomaterials-10-01111]\]. Particularly, the horizontal NWs have a much thinner thickness in comparison with the vertically aligned NWs and thin films due to the ultra-small cross-section of NWs, enabling the realization of ultra-thin solar cells. Moreover, the horizontal NWs are easily integrated on the glass and plastic substrates for transparent and flexible photovoltaics, demonstrating a promising perspective for next-generation smart solar energy harvesting devices \[[@B10-nanomaterials-10-01111]\]. Up to date, horizontal NW solar cells based on various materials, including Si, GaAs, InGaP, CdS, and InP, have been demonstrated \[[@B11-nanomaterials-10-01111],[@B12-nanomaterials-10-01111],[@B13-nanomaterials-10-01111],[@B14-nanomaterials-10-01111],[@B15-nanomaterials-10-01111],[@B16-nanomaterials-10-01111],[@B17-nanomaterials-10-01111],[@B18-nanomaterials-10-01111]\]. Among those materials, GaAs is particularly promising for photovoltaic applications as its band gap matches the solar spectrum well. Colombo et al. have reported a single horizontal p--i--n radial GaAs NW solar cell with an efficiency of 4.5% \[[@B13-nanomaterials-10-01111]\]. Han et al. have fabricated a single horizontal GaAs NW Schottky barrier solar cell with an efficiency of 2.8% \[[@B14-nanomaterials-10-01111]\]. Although those devices have shown advantages in dimension and flexibility, the conversion efficiency is still very low and requires further improvement.

In comparison with vertically aligned NWs, the light-trapping and light-concentrating effects in horizontally aligned NWs are weaker due to the much smaller thickness and lower filling ratio, leading to relatively strong reflection and low absorption of incident light \[[@B19-nanomaterials-10-01111]\]. Hence, the structural parameters of horizontal NWs, such as the diameter and period, should be precisely designed for optimal optical absorption. For example, too small a period leads to a strong competition of optical absorption for adjacent NWs, while too large a period results in a waste of the incident light. Moreover, to overcome the insufficient absorption of the ultra-thin NW array, the underlying substrate as well as the surroundings should be engineered to achieve multiple re-absorption. However, compared with the widely studied vertically aligned NW arrays, detailed study and optimization of horizontally aligned NW array (HNA) solar cells are extremely limited \[[@B20-nanomaterials-10-01111],[@B21-nanomaterials-10-01111],[@B22-nanomaterials-10-01111]\].

In this paper, an HNA solar cell is proposed and optimized in detail. The device consists of horizontally aligned NWs with axial p--i--n junctions placed on a dielectric substrate. The optical absorption properties and photovoltaic performance of devices are investigated via the finite-difference time-domain (FDTD) and finite element method (FEM), respectively. The size and period of NWs are tuned to obtain optimal light absorption. With a radius of 90 nm and period of 5 radius, the HNA solar cell yields a remarkable efficiency of 10.8%, more than twice that of its thin-film counterpart with the same thickness. To achieve multiple reabsorption of light, the horizontal NWs are placed on a low-refractive-index MgF~2~ substrate and capsulated in SiO~2~. Due to the index difference between air/SiO~2~ and SiO~2~/MgF~2~, the light striking the substrate is reflected at the SiO~2~/MgF~2~ and SiO~2~/air interfaces and reabsorbed by the NWs. A maximum conversion efficiency of 18% is obtained for NWs capsulated in a 350-nm-thick SiO~2~ layer, enabling the realization of high-efficiency solar cells with ultra-small thickness and ultra-low material cost.

2. Methods {#sec2-nanomaterials-10-01111}
==========

[Figure 1](#nanomaterials-10-01111-f001){ref-type="fig"}a is the model of the HNA solar cell, which consists of multiple horizontal NWs arranged parallel to each other. Each NW consists of a 4-μm-long GaAs NWs lying on a SiO~2~ substrate with a thickness of 600 nm. Each NW contains an axial p--i--n junction, in which the p- and n-regions have the same length of 1 μm and are uniformly doped to 3 × 10^18^ and 1 × 10^17^ cm^−3^, respectively. All the NWs are connected in parallel by electrodes placed on the p- and n-sections of each NW. A practical HNA solar cell can be fabricated as follows. Axial p--i--n GaAs NWs are grown by molecular beam epitaxy or metal organic chemical vapor deposition, with Zn and Si as the p- and n-dopant, respectively. As-grown NWs are transferred onto a 600-nm-thick SiO~2~ layer by sonication with ethanol as the carrier. The horizontal NWs are then aligned in parallel by micromanipulations. Finally, metal electrodes are defined on both ends of each NW by photolithography and electromagnetic sputtering followed by a "lift-off" process. The light illuminates the NWs from the top. [Figure 1](#nanomaterials-10-01111-f001){ref-type="fig"}b shows the thin-film counterpart with a planar p--i--n structure, which has the same thickness as the HNA. In the simulations, the diameter and the period of NWs are changed to achieve optimum photoelectric conversion performance.

The performance of the proposed structures is simulated by Sentaurus TCAD. Optical properties of the structure are investigated through the Sentaurus Electromagnetic Wave (EMW) Solver module package. The minimum cell size of the FDTD mesh is set to 5 nm, and the number of nodes per wavelength is 20 in all directions. By placing periodic boundary conditions, the simulations can be carried out in a single unit cell to model the periodic array structure. In order to save the resources and time required for the calculation, the substrate thickness is limited to 0.6 μm. However, by using a perfect match layer (PML) adjacent to the substrate, the transmission light is totally absorbed, which enables us to model a semi-infinite substrate. The wavelength-dependent complex refractive indexes of GaAs, SiO~2~, and MgF~2~ are obtained from References \[[@B23-nanomaterials-10-01111],[@B24-nanomaterials-10-01111],[@B25-nanomaterials-10-01111]\]. We use a plane wave defined with power intensity and wavelength values from a discretized AM 1.5 G solar spectrum to model the sunlight. The transverse electric (TE) and transverse magnetic (TM) mode contributions are superimposed to model the corresponding unpolarized feature of sunlight. The total optical generation under the AM 1.5 G illumination can be modeled by superimposing the power-weighted single-wavelength optical generation rates. The optical generation rate $G_{ph}$ is obtained from the Poynting vector $S$:$$G_{ph} = \frac{\left| {\overset{\rightarrow}{\nabla} \cdot \overset{\rightarrow}{S}} \right|}{2ħ\omega} = \frac{\varepsilon^{''}\left| \overset{\rightarrow}{E} \right|^{2}}{2ħ}$$ where $ħ$ is the reduced Planck's constant, $\omega$ is the angular frequency of the incident light, $E$ is the electric field intensity at each grid point, and $\varepsilon^{''}$ is the imaginary part of the permittivity. The reflection monitor is located above the top surface of the NW array, and the transmission monitor is located at the bottom surface of the substrate to calculate the light absorbed. The amount of power transmitted through the power monitors is normalized to the source power at each wavelength. The reflectance $R(\lambda)$ and transmission $T(\lambda)$ are calculated by the equation:$$R(\lambda),T(\lambda) = 0.5{\int{real}}\{ p{(\lambda)}_{monitor}\} dS/P_{in}(\lambda)$$ where $P(\lambda)$ is the Poynting vector, $dS$ is the surface normal, and $P_{in}(\lambda)$ is the incident source power at each wavelength. The absorption spectrum $A(\lambda)$ of the whole structure is given by the following equation:$$A(\lambda) = 1 - R(\lambda) - T(\lambda)$$

For an NW array with an incomplete filling factor, the absorption efficiency is defined as the ratio of the absorption cross-section to the total NW projected area. For the electrical modeling, the 3D optical generation profiles are incorporated into the finite-element mesh of the NWs in the electrical tool, which solves the carrier continuity equations coupled with Poisson's equation self-consistently in 3D. The doping-dependent mobility, band-gap narrowing, as well as the radiative, Auger, and Shockley--Read--Hall (SRH) recombinations are taken into consideration in the device electrical simulations. The recombination data used in the simulations are obtained from the Levinshtein model \[[@B23-nanomaterials-10-01111]\], which is shown in [Table 1](#nanomaterials-10-01111-t001){ref-type="table"}. The Arora model is adopted in the calculation of the doping-dependent mobility \[[@B26-nanomaterials-10-01111]\], which reads $$\mu_{dop} = \mu_{\min} + \frac{\mu_{d}}{1 + {(N/N_{0})}^{A}}$$ where *A* is 0.6273 (0.8057) and *N*~0~ is 7.345 × 10^16^ (5.136 × 10^17^) for the electrons (holes).

3. Results and Discussion {#sec3-nanomaterials-10-01111}
=========================

The diameter-dependent absorption characteristics of a single horizontal p--i--n GaAs NW are firstly studied to find the optimal dimension of NWs used in the horizontal array. As the horizontal NW is not isotropic in the x--y plane, the absorption spectra for the TM and TE polarized light are different, as shown in [Figure 2](#nanomaterials-10-01111-f002){ref-type="fig"}a,b. Generally speaking, TM polarization has higher absorption than TE polarization due to the enhanced optical antenna effect for each NW in TM polarization \[[@B19-nanomaterials-10-01111],[@B27-nanomaterials-10-01111]\]. At some wavelengths, the absorption efficiency exceeds 100%, which is attributed to the light-concentrating effect, that is, the absorption cross-section of the NW is larger than its physical size \[[@B9-nanomaterials-10-01111]\]. This effect enables a high-absorption efficiency of NWs with a small dimension. As the diameter increases, the absorption peak of the NW exhibits a redshift, which is more pronounced for the TE polarized light. A similar phenomenon has also been reported in other works, which is attributed to the resonant modes in the wire that lead to strong absorption at a specific wavelength \[[@B28-nanomaterials-10-01111]\]. For NWs with diameters of 120 and 150 nm, the absorption cutoff wavelength is much shorter than the band-gap wavelength due to the weak lateral confinement of the long wavelength waveguide modes by the ultra-thin NWs. As the diameter increases, the absorption increases at long wavelengths but drops at short wavelengths. Hence, an NW with a moderate diameter should be more suitable to match the solar spectra and yield a high efficiency. [Figure 2](#nanomaterials-10-01111-f002){ref-type="fig"}c shows the *I*--*V* characteristics and corresponding conversion efficiency of the single horizontal NWs with different diameters. It can be seen that as the diameter increases, the efficiency first increases and then decreases, leading to an optimal value of 10.8% at a diameter of 180 nm, which is in agreement with the absorption analysis.

Although the efficiency of a single NW solar cell is high, the output current is relatively low. For the purpose of practical applications, an NW array solar cell is constructed by connecting NWs in parallel. Apparently, the spacing between NWs, or in other words, the period, plays a critical role in light absorption. Here, the period is defined as the distance between centers of two neighboring NWs, indicated as the multiple of radius *p* = xR. [Figure 3](#nanomaterials-10-01111-f003){ref-type="fig"}a,b shows the reflectance and transmittance spectra of the NW array with periods of 3, 5, and 7R for the TM and TE polarized light, respectively. It can be seen that when the period increases from 3 to 5R, the reflection decreases over nearly the whole wavelength range due to the enhanced light-trapping effect. As the period further increases to 7R, reflection is enhanced at some wavelengths, which is attributed to the increased mirror reflection by the void space. As the period increases from 3 to 7R, the transmission decreases particularly at short wavelengths due to the increased void area between NWs.

[Figure 3](#nanomaterials-10-01111-f003){ref-type="fig"}c,d shows the absorption efficiency of the NW array with different periods for the TM and TE polarized light, respectively. It can be seen that at some wavelengths, the absorption efficiency exceeds 100%, suggesting that the light-concentrating effect also exists in the HNA structure. When the period increases from 3 to 5R, the absorption of TM polarized light is significantly enhanced over a broad wavelength range from 400 nm to the band gap, and the absorption of TE polarized light is also enhanced at long wavelengths after 750 nm. For a larger period of 7R, the absorption at long wavelengths drops for both TM and TE polarized light. Moreover, as the period increases, the absorption peak exhibits a redshift, which could be attributed to the penetration of leaky NW cavity modes into the space between NWs \[[@B29-nanomaterials-10-01111]\]. In order to show the absorption characteristics more directly, the cross-sectional optical generation profiles are shown in [Figure 3](#nanomaterials-10-01111-f003){ref-type="fig"}e. For a dense array with a period of 3R, the absorption inside the NW is very weak, which is attributed to the competition of incident light by neighboring NWs and the suppression of the light-concentrating effect. This is supported by the absorption spectra shown in [Figure 3](#nanomaterials-10-01111-f003){ref-type="fig"}c,d that show the absorption efficiency at a spacing of 3R is lower than 100% at most wavelengths. As the period is increased to 5R, the absorption is significantly enhanced over nearly the whole cross-section, suggesting that the competition of light by neighboring NWs is significantly suppressed and that each NW can collect sufficient photons. When the period further increases to 7R, the absorption is still strong at the center of cross-section but drops at the edges, which may be attributed to a weak reabsorption of light reflected at the substrate surface or scattered by neighboring NWs with such a large spacing. [Figure 3](#nanomaterials-10-01111-f003){ref-type="fig"}f shows the current--voltage characteristics and corresponding conversion efficiency of HNA structures with different periods. In agreement with the absorption analysis, the efficiency of HNA structures first increases and then decreases as the period increases from 3 to 8R. At a moderate period of 5R, the HNA structure generates an optimum efficiency of 10.8% by considering the projected area of the NWs under AM 1.5 G illumination.

To show the advantage of the HNA structure in photovoltaics, the performance is compared with that of the thin-film counterpart. [Figure 4](#nanomaterials-10-01111-f004){ref-type="fig"}a,b shows the reflectance of the HNA structure with an optimal period of 5R and a thin-film counterpart with the same thickness. Due to the strong mirror reflection, the reflectance of the thin film is several times higher than that of the HNA structure over the whole wavelength range. [Figure 4](#nanomaterials-10-01111-f004){ref-type="fig"}c,d shows the absorptance of the two structures. It can be seen that the absorptance of the HNA structure is much higher than that of the thin-film counterpart, suggesting excellent light-trapping and light-concentrating properties. [Figure 4](#nanomaterials-10-01111-f004){ref-type="fig"}e shows the cross-sectional optical generation profiles in two structures. For the thin-film structure, absorption is mainly concentrated in the top layer. Before absorbed by the active region (i-layer), the photons should pass through the top p-layer first and be absorbed. Due to the lack of an electric field in the top p-layer, the photocarriers cannot be separated effectively, and they quickly recombine before arriving at the electrodes. On the other hand, as the recombination rate strongly depends on the number of defects, the recombination of carriers in the top p-layer should be stronger due to the high doping level. In our simulations, due to a lack of doping-dependent recombination values, this effect is not considered at present. However, in practice this effect should not be ignored as it will degrade the performance of the thin-film solar cell. Based on the two factors mentioned above, photocarriers generated in the top p-layer are quickly recombined and contribute little to the photocurrent, leading to a great loss of incident light. For the axial p--i--n NW, though, the light can be directly absorbed by the active region without passing through the doped region, which is expected to enhance the absorption of the active region and raise the efficiency. [Figure 4](#nanomaterials-10-01111-f004){ref-type="fig"}f shows the current--voltage characteristics and corresponding conversion efficiency of the HNA and thin-film structures. The conversion efficiency is calculated by the equation:$$\eta = \frac{V_{oc} \cdot I_{sc} \cdot FF}{W_{AM1.5G}} = \frac{V_{oc} \cdot I_{sc} \cdot FF}{w \cdot S_{a}}$$ where *V~oc~* is the open-circuit voltage, *I~sc~* is the short-circuit current, *FF* is the fill factor, *w* is the density of solar power, which is 0.1 W/cm^2^, and *S~a~* is the active area (projected area) of the NW, that is, the product of the diameter and the length of NW (0.18 μm × 4 μm = 0.72 μm^2^). The HNA structure yields a *V~oc~* of 0.88 V, an *I~sc~* of 113 pA, and an *FF* of 78%, resulting in a conversion efficiency of 10.8%, more than twice that of its thin-film counterpart with the same thickness.

Although the HNA structure exhibits a higher performance than its thin-film counterpart, the efficiency is still low due to the insufficient absorption of light by the ultra-thin NWs. To further improve the performance, an absorption-enhanced (AE-HNA) structure is proposed by engineering the materials surrounding the NWs, as shown in [Figure 5](#nanomaterials-10-01111-f005){ref-type="fig"}a. The supporting substrate is replaced by a low-refractive-index MgF~2~ film, and the NWs are capsulated in a SiO~2~ layer. It should be noted that the electrodes should be exposed to the air in order to output the photocurrent. To achieve this structure, after transferring the NWs onto the MgF~2~ substrate and depositing electrodes, a SiO~2~ layer is deposited on the NWs. The SiO~2~ at two ends is then etched to expose the electrodes. [Figure 5](#nanomaterials-10-01111-f005){ref-type="fig"}b shows the schematic of the light transmission path. The refractive indexes of air, SiO~2~, and MgF~2~ follow. One part of incident light is directly absorbed by the NWs, while some light striking the SiO~2~/MgF~2~ interface is reflected due to the refractive index difference between SiO~2~/MgF~2~. One part of the reflected light is reabsorbed by the NWs, while other light striking the SiO~2~/air interface is reflected back to the NWs or SiO~2~/MgF~2~ interface. As a result, the absorption of NWs is significantly enhanced due to the multiple absorption paths.

[Figure 6](#nanomaterials-10-01111-f006){ref-type="fig"}a,b shows the TM and TE absorption spectra of HNA and AE-HNA structures capsulated in a 350-nm-thick SiO~2~ layer, respectively. In comparison with HNA, the AE-HNA exhibits significantly higher absorption over nearly the whole wavelength range due to multiple reflection and re-absorption over a wide spectrum. However, the absorption enhancement at different wavelengths is not equal, which is probably due to the film interference. At some wavelengths, the optical path difference satisfies constructive interference. Hence, the reflection is enhanced and the absorption is suppressed, corresponding to the absorption valley. For some wavelengths, the optical path difference satisfies constructive interference and destructive interference. Hence, the reflection is suppressed and the absorption is enhanced, corresponding to the absorption maximum. [Figure 6](#nanomaterials-10-01111-f006){ref-type="fig"}c shows the cross-section optical generation profiles under AM 1.5 G illumination in the HNA and AE-HNA structures, respectively. Apparently, the NW in the AE-HNA structure absorbs more photons in comparison with the HNA structure. In the HNA structure, strong absorption concentrates in the NW center, which is mainly from the light directly impinging on the NW body, while in the AE-HNA structure, the strong absorption region covers the whole top half of the NW cross-section and a large part of the bottom half. It is indicated by comparison that the multiple reflection and re-absorption in the AE-HNA structure significantly enhance the absorption in the top half. For the bottom part near the MgF~2~ substrate, the re-absorption is weak as the reflected light from the SiO~2~/MgF~2~ interface is difficult to reach the NW bottom. In future studies, the material and shape of the substrate and encapsulant need to be optimized to enhance the re-absorption by the NW bottom \[[@B30-nanomaterials-10-01111]\].

[Figure 7](#nanomaterials-10-01111-f007){ref-type="fig"} shows the current--voltage characteristics of the AE-HNA, HNA, and thin-film structures. The AE-HNA structure yields an I~sc~ of 183 pA and a V~oc~ of 0.91 V, resulting in a high efficiency of 18%, 1.7 times higher than that of the HNA structure and 3.7 times higher than that of the thin-film counterpart. Even considering the void space, the AE-HNA structure still yields an efficiency of 7.2%, 1.5 times higher than that of the thin-film counterpart. It should be pointed out that with the same thickness, the volume of the NW array is only 31.4% that of the thin-film structure, demonstrating the potential of the AE-HNA structure in ultra-thin high-performance NW solar cells with very low material cost.

4. Conclusions {#sec4-nanomaterials-10-01111}
==============

In summary, a horizontally aligned GaAs p--i--n NW array solar cell is proposed and studied. The HNA yields a remarkable efficiency of 10.8% with a radius of 90 nm and period of 5 radius, more than twice that of its thin-film counterpart with the same equivalent thickness. To further enhance the absorption, the ultra-thin array is placed on a low-refractive-index MgF~2~ substrate and capsulated in SiO~2~, which enables multiple reflection and reabsorption of light due to the refractive index difference between air/SiO~2~ and SiO~2~/MgF~2~. The absorption-enhancement structure increases the absorption over a broad wavelength range, resulting in a maximum conversion efficiency of 18%. This work provides an effective way to achieve ultra-thin high-efficiency solar cells with very low III--V material cost.
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![Schematic diagram of (**a**) the horizontally aligned nanowire array (HNA) structure and (**b**) the thin-film counterpart.](nanomaterials-10-01111-g001){#nanomaterials-10-01111-f001}

![(**a**,**b**) The absorptance of the single horizontal nanowires (NWs) with different diameters for transverse-magnetic (TM) and transverse-electric (TE) polarized light, respectively. (**c**) The current--voltage characteristics of single horizontal NWs with different diameters.](nanomaterials-10-01111-g002){#nanomaterials-10-01111-f002}

![(**a**,**b**) The reflectance and transmittance of the HNA structures with different periods for TM and TE polarized light, respectively. (**c**,**d**) The absorptance of HNA structures with different periods for TM and TE polarized light, respectively. (**e**) The cross-sectional optical generation profiles of HNA structures with different periods. (**f**) The current--voltage characteristics of HNA structures with different periods.](nanomaterials-10-01111-g003){#nanomaterials-10-01111-f003}

![(**a**--**d**) The reflectance and absorptance of the HNA and thin-film structures for TM and TE polarized light, respectively. (**e**) Comparison of the cross-sectional optical generation profiles of the HNA and thin-film structures. (**f**) The current--voltage characteristics of the HNA and thin-film structures.](nanomaterials-10-01111-g004){#nanomaterials-10-01111-f004}

![(**a**,**b**) Schematic diagram and working principle of the absorption-enhanced (AE-HNA) structure.](nanomaterials-10-01111-g005){#nanomaterials-10-01111-f005}

![(**a**,**b**) The absorptance of the AE-HNA, HNA, and thin-film structures for TM and TE polarized light, respectively. (**c**) Comparison of the cross-sectional optical generation profiles of the AE-HNA and HNA structures.](nanomaterials-10-01111-g006){#nanomaterials-10-01111-f006}

![The current--voltage characteristics of the AE-HNA, HNA, and thin-film structures.](nanomaterials-10-01111-g007){#nanomaterials-10-01111-f007}
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Key simulation parameters.

  Parameters                            Electron (Hole)
  ------------------------------------- ---------------------------------------
  Minimum mobility                      2.136 × 10^3^ (21.48) cm^2^/Vs
  SRH lifetime                          1 ns
  Radiative recombination coefficient   7.2 × 10^−10^ cm^3^/s
  Auger recombination coefficient       1.9 × 10^−31^ (1.2 × 10^−31^) cm^6^/s
